Objective: This large, prospective, community-based study characterized neuropsychological functioning and academic achievement at the time of the first recognized seizure and identified risk factors for cognitive deficits.
seizures, antiepileptic drug (AED) use, symptomatic/cryptogenic etiology, and EEG abnormality. Differences by epileptic syndrome were also explored.
METHODS Participants. Seizure group. Children were recruited from 2000 to 2004 at 2 academic medical centers (Indianapolis, Cincinnati) and through private practice physicians and school nurses throughout Indiana. Inclusion criteria were age 6 -14 years, a first-recognized unprovoked seizure within 3 months of enrollment, and IQ of at least 70. Children were excluded if seizures were provoked (i.e., associated with toxin, infection, trauma, or mass lesion) or if they had a chronic condition limiting daily activities. Children were not excluded for having prior unrecognized seizures. Seizure type and epileptic syndrome were classified by board-certified child neurologists using International League Against Epilepsy criteria 18, 19 following review of all relevant information available at the evaluation of the first recognized seizure. Institutional review boards at both participating institutions approved the study. Parents provided written consent and children gave assent.
Of the 349 children who agreed to participate in the study, 23 scored below 70 on screening, 11 did not provide any data, and 33 were unable to complete testing (e.g., typically scheduling/travel), for a final sample of 282. There were no differences between those who completed neuropsychological testing and those who did not on age, sex, race, or socioeconomic status ( p Ͼ 0.10).
Control group. For each child in the seizure group, we attempted to recruit a healthy sibling age 2-18 years (preferring ages 6ϩ for cognitive testing). Of the 232 eligible siblings, 50 were too young (Ͻ6 years) to complete neuropsychological testing, and 35 others could not travel to the medical center for testing, resulting in 147 sibling controls.
Demographic characteristics. Seizure and sibling groups were comparable demographically (table 1). Estimated IQ spanned from borderline to superior; the mean and median IQs were typical of other studies. 9, 10 Clinical characteristics and representativeness of the population. Most children had one seizure type; partial seizures were more frequent than generalized, characteristic of other studies, especially after age 5. [20] [21] [22] The proportion with symptomatic/cryptogenic etiology was lower than past studies 22 but not unexpected for onset after age 5.
Detailed descriptions of prior events were obtained by structured interviews and evaluated by a board-certified child neurologist (D.W.D.) for likelihood of being unprovoked epileptic seizures. The rate of prior seizures was similar to previous prospective cohorts. 15, 16 Details, including antiepileptic drugs prescribed, are provided in table 1. This sample has been the subject of other reports. [23] [24] [25] [26] [27] [28] There is no overlap in analyses or results.
Measures. EEG. EEG reports were reviewed by board-certified child neurologists (D.W.D., T.J.D.) and coded for presence of electrographic seizures, epileptiform discharges, and slow wave activity.
Neuropsychological and academic achievement testing. Within 6 months (mean ϭ 2.8, SD ϭ 1.3) of their first recognized seizure, children were tested using standardized individually administered tests. Factor analysis reduced the neuropsychological test variables to 4 factors: language, processing speed, verbal memory and learning, and attention/executive/construction 24 (table 2) . Neu-ropsychological deficit was defined as 1.3 SD below the sibling norm on any of the 4 factors; this cutoff corresponds with the 10th percentile, which defines the upper boundary of "borderline intellectual deficiency" on intellectual tests.
Statistical analyses.
A linear mixed model was used to compare children with seizures and their siblings on neuropsychological and academic achievement scores. Family was a random effect, and group was a fixed effect (one-tailed tests for directional hypotheses). This analysis was conducted first on the 4 neuropsychological factors and then on the individual test variables. For individual tests, p values were adjusted for multiple comparisons within each domain using Hochberg's step-up Bonferroni method.
Next, to test for the hypothesized role of a priori risk factors, multivariate logistic regression was performed to assess the associations of AED use (yes/no), multiple seizures by baseline interview including prior unrecognized seizures (yes/no), etiology (idiopathic vs symptomatic/cryptogenic), and epileptiform activity on initial EEG (yes/no) with neuropsychological deficit (present/absent) in children with seizures.
Further in-depth analyses using continuous outcome variables were conducted to examine specific risk factors and interactions. Two-sample t tests were used to test for differences by prior unrecognized seizure (PURS), etiology (symptomatic/ cryptogenic vs idiopathic), use of AEDs at neuropsychological testing, epileptiform activity, EEG slowing, and electrographic seizures; all tests were one-tailed (directional hypotheses) except for use of AEDs, which was two-tailed. Analysis of variance (ANOVA) was conducted to test for differences among epileptic syndromes and medications (none, valproic acid, oxcarbazepine, or carbamazepine). These analyses were conducted on the 4 neuropsychological factors and the 3 academic achievement scores. When a significant main effect was found for syndrome or medication, Tukey's adjustment for multiple comparisons was used. When multiple post hoc tests were performed to investigate the possibility of interactions, Hochberg's step-up Bonferroni method was used to adjust for multiple comparisons.
Finally, to characterize the degree of risk associated with each risk factor that emerged in the prior analyses, univariate logistic regression analyses were conducted to generate odds ratios (OR) comparing the seizure group children who possessed the risk factor to the sibling group and another OR comparing the seizure group children who possessed the risk factor to the seizure group children without the risk factor. In addition, we identified the seizure group children who possessed all 4 risk factors of interest and computed the same ORs to characterize cumulative risk.
RESULTS Comparisons between children with sei-
zures vs siblings. Children with seizures scored lower than siblings on all neuropsychological factors, especially attention/executive/construction (table 2) . Groups did not differ in academic achievement. The case-control differences in the seizure group children who had sibling controls distributed relatively normally for each neuropsychological factor; there was clustering in the lower range, probably representing a subgroup with multiple risks.
Multivariate analysis of risk factors. The proportion of children in the seizure group exhibiting a neuropsychological deficit was 27.4% vs 18.2% of siblings ( 2 p ϭ 0.04, table 3 ). Compared to siblings, almost twice as many children with seizures exhibited a deficit in attention/executive/construction, verbal memory and learning, and language (13.9 vs 7.7 for each factor); the margin was slightly narrower for processing speed (13.5 vs 8.4).
On multivariate logistic regression analysis, only symptomatic/cryptogenic etiology was a risk factor for neuropsychological deficit ( p ϭ 0.02). When conducted separately by etiology, no predictors were significant for either the symptomatic/cryptogenic (42 of 88 impaired) or idiopathic (28 of 104 impaired) subgroups. However, within the idiopathic subgroup, OR estimates were larger than 2.0 for recurrence (OR ϭ 2.1, 95% confidence interval [CI] 0.69, 6.7) and epileptiform activity (OR ϭ 2.7, 95% CI 0.74, 10.0); within the symptomatic/cryptogenic subgroup, AED use carried an elevated risk (OR ϭ 2.5, 95% CI 0.97, 6.2). Therefore, small sample sizes could have limited the detection of significant and clinically meaningful effects after subdividing the sample by etiology. Because inclusion of interaction terms into a global multivariate model further reduces power, hypothesized main effects and clinically meaningful interactions among risk factors were examined further using continuous outcome variables and theoretically relevant variables and interactions (described below).
Comparisons between prior seizure subgroups. Children with prior seizures did not differ from those without prior seizures on any neuropsychological factor or academic achievement score ( p Ͼ 0.05).
Comparisons by presumed etiology and epileptic syn-
drome. Children with symptomatic/cryptogenic etiology (n ϭ 130) performed worse than those with idiopathic etiology (n ϭ 133) on verbal memory and learning only ( p ϭ 0.06, trend). Analysis by specific syndrome groups, however, revealed differences within syndromes on 3 of 4 neuropsychological factors (figure 1). On language, all other syndrome groups scored lower than the localization-related idiopathic group (absence, tonic-clonic, partial cryptogenic, p Յ 0.02; localization-related symptomatic, p ϭ 0.10, trend). For attention/executive/construction, both localization-related cryptogenic ( p ϭ 0.009) and generalized idiopathic absence groups ( p ϭ 0.02) scored lower than siblings. For verbal memory and learning, the localization-related cryptogenic group scored lower than the siblings ( p ϭ 0.06, trend). Also, for academic achievement in writing, generalized idiopathic tonic-clonic ( p ϭ 0.01) and localization-related cryptogenic groups ( p ϭ 0.05) scored lower than the localization-related idiopathic group. Epileptic syndrome was not related to processing speed or to academic achievement in reading or math ( p Ͼ 0.10).
Comparisons among medication subgroups. For processing speed, there was a main effect for AED ( p ϭ 0.009); children on valproic acid scored lower than the no-AED group. For language, verbal memory and learning, and attention/executive/construction, overall models were nonsignificant. The relationship with processing speed remained for children with symptomatic/cryptogenic etiology ( p ϭ 0.01) but not for children with idiopathic etiology. There were no differences on academic achievement.
Comparisons among medication and multiple-seizure subgroups. Among children with seizures, those on AEDs performed worse than those not on AEDs on all neuropsychological factors (processing speed, p ϭ 0.002; others, p Յ 0.05, two-tailed) but not on academic achievement ( p Ͼ 0.10). To control for the potential confound between multiple seizures and AED use, post hoc 2 ϫ 2 (multiple seizures ϫ AED use) ANOVAs compared 4 subgroups (single seizure/no AED, n ϭ 77; single seizure/on AED, n ϭ 18; multiple seizures/no AED, n ϭ 63; multiple seizures/on AED, n ϭ 123).
There was a main effect for AED use on processing speed ( p ϭ 0.001), language ( p ϭ 0.04), and verbal memory and learning ( p ϭ 0.05); children on AEDs scored lower irrespective of whether they had had a single seizure or multiple seizures. When examined separately by etiology, this pattern was observed only for symptomatic/cryptogenic etiology and only for processing speed ( p ϭ 0.001) and language ( p ϭ 0.02). These relationships remained unchanged after controlling for EEG epileptiform activity.
There was a main effect of multiple seizures on attention/executive/construction ( p ϭ 0.03); children with multiple seizures scored lower irrespective of AED use (figure 2). Although the largest differences were in construction and attention, executive functioning was also significantly compromised in this subgroup. When examined separately by etiology, the effect of multiple seizures did not reach significance for the smaller subgroups.
Relationships with EEG variables. Epileptiform activity was associated with slower processing speed ( p ϭ 0.004, d ϭ 0.31) (figure 2). Because children with epileptiform activity on EEG are more likely to be medicated, we conducted a post hoc 2 ϫ 2 (presence of epileptiform activity ϫ AED use) ANOVA to determine if the association between epileptiform activity and neuropsychological function was related to AED use. The relationship between epileptiform activity and processing speed was attenuated after controlling for AED use but still apparent at the level of a statistical trend ( p ϭ 0.07). Epileptiform activity was unrelated to academic achievement. Results were the same within symptomatic/cryptogenic etiology. There were no associations with epileptiform activity within idiopathic etiology ( p Ͼ 0.10).
Children with slowing on EEG (n ϭ 30) did not differ from those without slowing (n ϭ 250) on any neuropsychological domain or academic achieve- Odds ratios for neuropsychological deficits. ORs were computed to quantify the degree of risk associated with each risk factor suggested to be important in any of the above analyses (table 3) .
DISCUSSION
In this prospective design with a large, community-based cohort of children with school-age onset of seizures and sibling controls, 27% of children with one seizure and up to 40% of those with risk factors exhibited neuropsychological deficits at or near onset. Several risk factors were identified. A second unprovoked seizure was associated with deficiencies in attention, construction, and executive functioning, even in unmedicated, drug-naïve children. This is consistent with past studies of children diagnosed with epilepsy [6] [7] [8] 10, 13 and adds to the conceptualization of deleterious effects of seizures, showing that they are not limited to children with generalized symptomatic epilepsies, frequent sei- Odds ratios are not adjusted for other risk factors. *Percent of children who possessed the risk factor who exhibited a neuropsychological deficit (i.e., scoring Ն1.3 SD below the sibling control group mean) in at least one neuropsychological domain. †Risk factors with odds ratio (OR) confidence intervals (CI) that include 1.00 are more likely to not be associated with the outcome and should be interpreted with caution, especially when the value of 1.00 is not near the upper or lower bound of the CI. ‡Effects of AEDs and multiple seizures by baseline interview were statistically independent (that is, not confounded with one another). § Compared to children who were not taking AEDs. ¶ Children who were on two medications at the time of neuropsychological testing (n ϭ 4) were excluded from comparisons among individual medications. ʈ Compared to children who had had only one seizure. # Compared to children with idiopathic etiology.
**Compared to children with other syndromes. † †Compared to children in seizure group without epileptiform activity on EEG. ‡ ‡To exemplify the potential for cumulative risk, "multiple risk factors" represents the child who has had 2 or more seizures, is currently prescribed any AED, has symptomatic or cryptogenic etiology (localization-related or generalized), and exhibited epileptiform activity on the initial EEG. A total of 15.3% of the seizure sample had all 4 risk factors. § § Compared to children in the seizure group with none of the risk factors.
NP ϭ neuropsychological; AED ϭ antiepileptic drug.
zures, high AED use, or very early onset, as suggested elsewhere. 29 Multivariate modeling identified symptomatic/ cryptogenic syndromes as being associated with neuropsychological difficulties, even in this intellectually normal cohort. This finding is consonant with a pre-vious report by our team correlating MRI abnormalities with neuropsychological deficits at onset. 24 However, the two etiology subgroups appeared to have unique risk profiles, and there were children within the symptomatic/cryptogenic subgroup who did well and children outside that group who did not 
Figure 2 Neuropsychological factor scores by antiepileptic drug (AED) use, multiple seizures, and epileptiform activity on initial EEG
Among children who had a seizure, children who were prescribed AEDs (n ϭ 141) scored lower than those who were unmedicated (n ϭ 140) on processing speed (p ϭ 0.001), language (p ϭ 0.04), and verbal memory and learning (p ϭ 0.05), even in children who had had only one seizure and in children without epileptiform activity on EEG. Children who had 2 or more seizures before baseline interview (n ϭ 187) had lower scores compared to children with only one seizure (n ϭ 95) on attention/executive/construction (p ϭ 0.03), even in children who were unmedicated. Children who exhibited epileptiform activity on the initial EEG (present group, n ϭ 173) scored lower than those without epileptiform activity (absent group, n ϭ 107) on the processing speed factor (p ϭ 0.004, d ϭ 0.31), even in children who were unmedicated.
do so well (e.g., absence), thereby warranting further exploration of complex interactions that can go undetected in a single multifactorial model. Use of AEDs was associated with deficiencies in all neuropsychological domains; for processing speed, language, and verbal memory and learning, this relationship was evident even in children who had had only one seizure and in children without epileptiform activity on EEG. Many articles report minimal cognitive deficits with most AEDs when used in monotherapy, 30, 31 but studies of cognitive effects of AEDs in children have been lacking in number and in quality. 32, 33 The present study was not designed to examine adverse cognitive effects of individual AEDs but addressed methodologic limitations in this area 32 by using sensitive tests, recruiting a large sample, controlling for some critical interacting factors, and controlling for multiple statistical tests. Our results support the conclusion of Kwan and Brodie 32 that children on AEDs should be individually monitored for neuropsychological effects of AEDs. As for specific AEDs, valproate was associated with slower processing speed; however, because this study was not a randomized trial, extraneous factors might have contributed to this relationship.
The large sample permitted comparisons across syndrome groups. Not surprisingly, the localizationrelated idiopathic group was relatively unaffected neuropsychologically. 34 All other syndromes were equally compromised compared to siblings. This adds to increasing evidence suggesting that absence seizures might not be as "benign" as once thought. [34] [35] [36] Attempts to examine unique risk factors by etiology were unsuccessful, perhaps because of heterogeneity or reduction in power (i.e., cutting the sample in half for those analyses).
Epileptiform activity on the initial EEG was associated with slower psychomotor speed, and this relationship was not an artifact of AED use. Past studies have documented relationships between epileptiform discharges and various neuropsychological functions. 37 Taken together with the present investigation, initial EEG provides a biomarker for processing speed deficits, which can facilitate rapid identification of a neuropsychological function that is critical to cognitive development in childhood. 38 Thus, in addition to predicting surgical outcome, epileptiform activity on the EEG can predict neuropsychological deficits, further supporting the assertion that EEG provides a "window into the anatomy, severity, and functional implications of epilepsy." 39, 40 Several factors individually double the odds of neuropsychological deficits compared to a healthy sibling: a single seizure (and slightly higher for a second seizure), symptomatic/cryptogenic etiology, childhood absence epilepsy syndrome, epileptiform activity on initial EEG, and use of AEDs. Although symptomatic/cryptogenic etiology explained the most variance in multivariate logistic models, this does not negate risk associated with other factors. Compared to other children in the seizure group with no risk factors, those with symptomatic/cryptogenic etiology have an OR of 1.79; however, children with multiple risk factors (which might or might not include symptomatic/cryptogenic etiology) are almost 3 times more likely to have neuropsychological impairment (OR ϭ 2.89) compared to children who have only one seizure and no other risk factors.
The absence of academic achievement differences runs contrary to other reports, but there are possible explanations. One study included very early onset and, thus, catastrophic epilepsies associated with developmental delays. 14 Another tested children an average of 10 months after onset 7 ; their results might represent changes across the first year. Finally, one study reported high rates of special educational placements, 10 but attention deficits and behavior problems might have accounted for the classroom placements because academic achievement test scores were nonsignificant. Taken together with the present findings, neuropsychological deficits might emerge concomitantly with seizure onset but exert their influence on academic achievement cumulatively over time. Given the relationship between neuropsychological functioning and academic achievement 3 and the high rates of learning disability in children with chronic seizures, 2 these findings suggest that there might be a window during which educational interventions could prevent or minimize the long-term impact on educational attainment, and presumably upon vocational success as adults.
The lower age limit of this study excluded children with more severe syndromes of infancy and early childhood; this tradeoff was deemed appropriate for the goals of the present study because earlier onset is associated with broader intellectual disability. In this study, neuropsychological assessment was not conducted as close to "onset" as it had been in other studies 9,10 ; however, age at onset in those studies was defined as a diagnosis of epilepsy following the second unprovoked seizure, so our studies might not be very different in this regard. Effect sizes were generally small, which suggests that the degree of neuropsychological impairment is subtle; however, these indices are attenuated to some degree by the restriction of range in cognitive dysfunction due to exclusion of children with early onset and IQ Ͻ70. Finally, although our sample size would permit examination of AED ϫ syndrome interactions, results would remain difficult to interpret because our study design did not control for the choice of treatment, dosing, or timing relative to neuropsychological evaluation.
This study has important clinical implications for the neurologist, pediatrician, neuropsychologist, and educational specialist. Children with multiple seizures (i.e., a diagnosis of epilepsy), with symptomatic/cryptogenic etiology, on AEDs, or with epileptiform discharges on the initial EEG-especially if they possess multiple risks-should undergo a prompt neuropsychological evaluation to characterize neuropsychological deficits and to develop interventions to prevent or minimize their impact on long-term outcomes. 
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